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ABSTRACT
Be stars are surrounded by outflowing circumstellar matter structured in the form of
decretion discs. They are often members of binary systems, where it is expected that
the decretion disc interacts both radiatively and gravitationally with the companion.
In this work we study how various orbital (period, mass ratio and eccentricity) and disc
(viscosity) parameters affect the disc structure in coplanar systems. We simulate such
binaries with the use of a smoothed particle hydrodynamics code. The main effects of
the secondary on the disc are its truncation and the accumulation of material inwards
of truncation. We find two cases with respect to the effects of eccentricity: (i) In
circular or nearly circular prograde orbits, the disc maintains a rotating, constant in
shape, configuration, which is locked to the orbital phase. The disc is smaller in size,
more elongated and more massive for low viscosity parameter, small orbital separation
and/or high mass ratio. (ii) Highly eccentric orbits are more complex, with the disc
structure and total mass strongly dependent on the orbital phase and the distance to
the secondary. We also study the effects of binarity in the disc continuum emission.
Since the infrared and radio SED are sensitive to the disc size and density slope,
the truncation and matter accumulation result in considerable modifications in the
emergent spectrum. We conclude that binarity can serve as an explanation for the
variability exhibited in observations of Be stars, and that our model can be used to
detect invisible companions.
Key words: hydrodynamics – stars: binaries – stars: circumstellar matter – stars:
emission line, Be – stars: massive – stars: mass-loss
1 INTRODUCTION
Be stars are rapidly rotating main-sequence or giant stars
of spectral type between late O and early A. They are sur-
rounded by decretion discs, i.e. an outflowing circumstellar
structure formed by material ejected by the star.
Most massive stars (≃ 71%) are components of a binary
system, or have existed as such during some period in their
evolution (Sana et al. 2012). A substantial fraction of Be
stars seem to follow this trend (1/3 of the galactic Be stars
are in binary systems according to Oudmaijer & Parr 2010),
with their decretion discs very often having the role of the
reservoir from which the secondary accretes matter.
The Be disc may interact radiatively and/or tidally with
the companion star, depending on its nature: The compan-
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ion is often a compact star emitting X-rays, a hot subdwarf
O or B star (sdO/sdB star, see Heber 2009) directly ob-
servable by the UV radiation it emits, or a low-mass main-
sequence star, which is the most difficult case to detect. High
energy interaction occurs in Be/X binaries when the com-
pact companion produces X-ray luminosity as it accretes
some of the matter ejected through the Be disc (Reig 2011).
Be/pulsar binaries may exhibit γ radiation, when the par-
ticles accelerate in the shocked region between the pulsar
wind and the Be disc or wind (Sierpowska & Bednarek 2005;
Takata et al. 2012). The two stars in Be binary systems can
also interact radiatively, especially when the much hotter
(usually sdO) star irradiates the Be disc, rising its tem-
perature and affecting the strength of recombination lines
(e.g. Balmer lines, Gies et al. 1998); through such spectral
features has it been made possible to detect Be/sdO bina-
ries. Finally, the tidal interaction between the disc and the
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companion affects the disc structure, causing disc trunca-
tion and/or warping, as shown in the model of Okazaki et al.
(2002). The density structure of the disc of outflowing gas
surrounding binary Be stars is the main focus of this work.
Various theories have been proposed to predict the ob-
served properties of Be discs, but observational constraints
have limited the possible candidates to one (Rivinius et al.
2013): the viscous decretion disc (VDD) model proposed by
Lee et al. (1991). The physics of viscous decretion through
a disc is the same as in viscous accretion in compact
stars (Pringle 1981), with the only difference being the ra-
dial direction of flow. Porter (1999; see also Okazaki 2001,
Bjorkman & Carciofi 2005) found that the one-dimensional
surface density Σ(r) of viscous decretion discs of isolated
stars is a function of the cylindrical distance r from the cen-
tral star, under the assumption of an isothermal keplerian
rotating disc fed at constant rate for an adequately long
period of time, and is approximately given by
Σ(r) = Σ0
(
r
R∗
)−2
, (1)
where R∗ is the equatorial radius of the star. This simple
model has been successfully applied to studies of individual
stars (e.g. Carciofi et al. 2006; Jones et al. 2008) and sta-
tistical studies (e.g. Touhami et al. 2011; Silaj et al. 2010).
For a recent review on the status of the VDD model see
Rivinius et al. (2013).
A steady-state model is not appropriate for most Be
stars due to their intrinsic variability, exhibited in all types
of observables. The variability of Be stars may be both long-
and short-term, and stems mainly from variations in the
structure of the decretion disc, which is mostly associated
with the disc feeding process. In some cases the disc com-
pletely disappears, and then reappears in a series of out-
bursts (see Bjorkman et al. 2002, for a well documented
case). The Be stars also show variability in their emission
line profiles, e.g. V/R variations (Okazaki 1991), short-term
absorption features (Smith & Polidan 1993), line wing en-
hancements (Smith et al. 1997), and Be/shell phase transi-
tions (Doazan et al. 1986).
In recent years some effort has been made in devel-
oping dynamical models of Be stars to verify whether the
VDD model offers a viable explanation for the temporal
variability of their discs. Haubois et al. (2012) studied the
dynamical evolution of a disc of an isolated Be star fed with
matter ejected from its surface. Modifying the disc feed-
ing rate from continuous to periodic or episodic, and ap-
plying one-dimensional hydrodynamical calculations to de-
scribe the viscous diffusion of the disc material, the authors
managed to qualitatively reproduce the long-term photo-
metric variations. Carciofi et al. (2012) successfully fitted
the light curve of 28 Canis Majoris (28 CMa) during an event
of disc dissipation beginning in 2003 that was observed and
characterised by Sˇtefl et al. (2003).
Not all variability, however, can be attributed to vari-
ations of the disc feeding rate and/or the process of vis-
cous diffusion throughout the disc. For instance, the long-
term high-amplitude V/R variations are most probably due
to global density waves within the disc (Okazaki 1991;
Carciofi et al. 2009; Escolano et al. 2015). Shorter periods
and smaller-scale V/R variations (usually veiled when the
decretion disc is too massive or due to the much stronger
density wave V/R variations) are thought to be caused by
either asymmetric mass ejections from the star, or driven
by a binary companion, in which case they would result in
disc deformation due to tidal interaction. For example, the
phase-locked variations in the binary system of π Aquarii
are thought to be connected with binarity since the V/R
ratio varies with the orbital phase (Bjorkman et al. 2002;
Pollmann 2012).
The majority of VDD studies in the literature are fo-
cused on the disc properties around single stars. An ex-
ception to this is the work of Okazaki and his collab-
orators (Okazaki et al. 2002; Negueruela & Okazaki 2001;
Okazaki & Negueruela 2001a; Romero et al. 2007), who ex-
plored the tidal interaction in Be/X-ray binaries assuming
that the disc is isothermal and the two stars have coplanar
prograde orbits. To this aim, Okazaki et al. (2002) used a
three-dimensional smoothed particle hydrodynamics (SPH)
code, in order to solve the time-dependent hydrodynamical
equations for a flow of an ensamble of particles of negligi-
ble mass that are ejected axisymmetrically from the stellar
equator.
In this work, we take advantage of the technologi-
cal progress achieved since that publication, allowing for
faster simulations. Our main goal is to extend the work
of Okazaki et al. (2002), in order to, on one hand, under-
stand how various orbital and disc parameters affect the
disc structure and, on the other hand, predict what kind of
observational signatures we should expect depending on the
values of those parameters. We will thus explore the param-
eter space in terms of different values of viscosity, mass ratio
and separation between the two stars. In this first paper we
examine the cases of coplanar circular and eccentric orbits,
both prograde and retrograde. Misaligned discs, i.e. discs
tilted at some angle with respect to the orbital plane, are
examined in a follow-up publication (Cyr et al. submitted).
Section 2 provides a description of our model. It is fol-
lowed by a presentation of the results for our reference sim-
ulation (Section 3). The remainder of the text is separated
into three main parts: circular (Section 4) and elliptical (Sec-
tion 5) prograde orbits, and retrograde orbits (Section 6).
The observational effects of the binary interaction on the
disc continuum emission are examined in Section 7. A sum-
mary and discussion is given in Section 8.
2 MODEL DESCRIPTION
We use the same three-dimensional SPH code as the one
used by Okazaki et al. (2002, see also Bate & Bonnell 1997).
The ejection of mass from the Be star is modelled by con-
stant and axisymmetric ejection of particles of keplerian ro-
tational velocity just outside the equatorial radius. Mass is
injected to the decretion disc at a distance rinj = 1.04R∗
and at a rate M˙inj, constant in time.
The overall decretion rate is much smaller: As soon as
each particle is injected into the disc, it interacts with the
existing particles. From this interaction most of the injected
particles lose their angular momentum and are re-accreted
onto the Be star. Only a few particles manage to escape
outwards, retaining the angular momentum of the particles
with which they interacted as soon as they were injected.
The ratio between the mass injection rate and the mass that
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actually flows outwards, M˙dec, decreases quickly in the be-
ginning of the simulation and reaches an asymptotic value as
the mass of the disc grows (see fig. 5 of Okazaki et al. 2002).
Our simulations result in a decretion rate of M˙dec < 0.1M˙inj.
The accretion boundary of the secondary has a variable
radius depending on its Roche lobe, given by Racc = RL,s.
The Roche lobe radius is estimated with the Eggleton for-
mula (Eggleton 1983, Eq. 2). Eggleton gave an approxima-
tion for the effective radius RL of the Roche lobe of a binary
star, i.e. the region within which any orbiting material is
bound to the star, as a function of the orbital separation a
and the binary mass ratio qr = Mx/My (where My is the
mass of the primary star and Mx is the mass of the sec-
ondary, if RL = RL,s refers to the secondary):
RL
a
=
0.49q
2/3
r
0.6q
2/3
r + ln(1 + q
1/3
r )
, qr < 1. (2)
Okazaki et al. (2002) substituted the separation a with the
instantaneous distance D in this relation, in order to ac-
count for eccentric binaries (especially for highly eccentric
binaries where the distance between the two stars at peri-
astron becomes very small). When this relation is used to
evaluate the Roche lobe radius of the primary, RL = RL,Be
and the mass ratio is reversed. This estimation for the ac-
cretion radius serves adequately the purposes of this work,
since a smaller accretion radius of the secondary star causes
the simulations to be highly time-consuming. In any case,
we are not interested in the accreting star, but only in the
decreting Be star and the properties of the disc.
In the past, simulations of the binary orbits of
Be/X-ray binary systems typically assumed that the Be
decretion disc is big enough so that the compact object
accretes mass from the decretion disc near the perias-
tron. Okazaki & Negueruela (2001a,b) constructed a semi-
analytical model that shows that the disc in such systems is
truncated at a distance smaller than the periastron separa-
tion as long as αss ≪ 1, where αss is the Shakura-Sunyaev
viscosity parameter (Shakura & Sunyaev 1973). The model
of Okazaki & Negueruela (2001a,b) gives an estimation of
this distance, which we shall call the truncation radius Rt, by
comparison of the resonant torque with the viscous torque.
The viscous torque and the tidal torque tend to rotate
the gas around an axis perpendicular to the plane of flow.
The viscous torque tends to rotate in the direction of the
outward spiralling gas flow, while the tidal torque tends to
slow down the rotation of the gas. Both work in opposite
directions, but the tidal torque is too weak to match the
viscous torque. Indeed, it is the resonant torque that causes
truncation, at the smallest resonant radius where the reso-
nant torque exceeds the viscous torque.
The results by Okazaki et al. (2002) indicate that the
so-called disc truncation does not simply interrupt the disc
in radial distances closer to the star compared to the isolated
case, but it causes a sudden drop in the density of the gas.
In practice, this means that the structure of the decretion
disc in Be binaries is not well represented by a single power
law as given by Eq. (1).
2.1 Timescale considerations
Haubois et al. (2012) found that at constant feeding rates,
the disc grows faster for increased values of αss. Starting
from a disc-less state, once the disc feeding is turned on, the
disc grows inside out, with the inner regions quickly reaching
a quasi-steady state and the outer disc filling up at slower
rates (fig. 2 of Haubois et al.).
When studying the temporal evolution of a Be disc in
a binary system, the surface density profile can be better
studied when comparing it at different points in time but at
the same orbital phase p, with p ∈ [0, 1), p = 0 correspond-
ing to the apastron, and p = 0.5 to the periastron. In a
circular system, p = 0 simply means that the secondary has
orbited the Be star for a time equal to an integer number of
periods since the beginning of the simulation at a disc-less
state. Within this context, the evolution time of the system
can be expressed as t = (k+p)Porb, where Porb is the binary
orbital period, and k is an integer corresponding to the num-
ber of whole periods that have passed since the disc started
forming. It now becomes clear that two time-scales control
the state of a disc in a binary system: the orbital period and
the viscous diffusion time-scales. As we shall see below, the
interplay of these two time-scales can cause complex surface
density profiles, particularly in eccentric binaries.
This periodicity in the density structure makes the use
of the term ‘quasi-steady’ state necessary, since even at later
stages of the disc evolution the surface density profile never
remains constant in time throughout one orbital period. In
order to decide whether the system has reached a quasi-
steady state, we cannot compare subsequent time steps, but,
instead, same phases of subsequent cycles. From here on,
we will use the terms ‘steady-state’ and ‘quasi-steady state’
interchangeably, with both terms referring to an adequately
evolved disc configuration.
3 REFERENCE SYSTEM
We adopt a reference binary system that corresponds to
a star with the parameter values for ζ Tauri as listed in
Ruzˇdjak et al. (2009), with the exception of the orbital pe-
riod which was set to 30 days instead of ζ Tauri’s actual
period of 133 days, as tidal effects are much stronger for
closer binaries. In particular, our reference run is for a bi-
nary system consisting of a Be star with massM1 = 11.2M⊙
and radius R∗ = 5.5R⊙. The binary parameters are: mass
ratio qr = 0.08, semi-major axis a = 17R∗, eccentricity
ǫ = 0. In addition, the reference system is prograde, in
the sense that the star, the disc and the companion, all ro-
tate in the same direction. The disc is considered isothermal
and has a fixed average temperature equal to Tav = 0.6Teff
(Carciofi & Bjorkman 2006) with Teff = 19 400 K, while the
Shakura-Sunyaev viscosity parameter of the disc is equal to
αss = 0.4 (Carciofi et al. 2009).
Each particle has a mass chosen to be of the order of
10−14M⊙. The final number of particles is of the order of
104, and the injection rate is kept constant and equal to
M˙inj = 10
−7M⊙/yr.
Along with the reference system which will be examined
in the current section, we performed a series of simulations
with differing parameters (αss, Porb, qr, ǫ, orbital direction).
Their effect on the disc density will be discussed further on
(Sections 4-6). An overview of the characteristics for selected
simulations is given in Table 1, which gives information both
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Table 1. Summary of selected simulations. The injection rate M˙inj remains the same, and the total mass injected per time step is divided
in 5 000 particles in all simulations. The run time is such that it is always past the quasi-steady state. As all simulations (except from the
first one) in this table have the same period (30 days), the time unit for the time to steady state and the simulated time is also 1 month.
Listed are also the number of particles Nsph, the decretion rate M˙dec and the total disc mass Mdisc at the end of each simulation. The
last column refers to the figure of the temporal evolution and/or a figure with snapshots of the simulation within the text, if there are
any.
Porb qr αss ǫ orbital time to steady state run time Nsph M˙dec Mdisc figures
direction (Porb) (Porb) (10
−9M⊙/yr) (10−9M⊙)
133 0.08 0.4 0.0 prograde 24 25.0 13 327 0.701 3.865 2c
30 1.00 0.4 0.0 prograde 55 84.0 58 574 0.895 3.832 2d
30 0.08 1.0 0.0 prograde 21 30.0 21 822 1.085 1.428 2b
30 0.08 0.4 0.0 prograde 42 51.5 46 361 1.195 3.033 2a, 4
30 0.08 0.4 0.6 prograde 18 30.0 27 009 1.112 1.767
30 0.08 0.4 0.9 prograde 13 30.0 10 513 3.051 0.688 2e, 17
30 0.08 0.4 0.0 retrograde 27 30.0 38 488 1.562 2.518 2f, 24
30 0.08 0.4 0.9 retrograde 21 22.0 9 384 2.562 0.614 25
Figure 1. The disc mass as a function of time for prograde sys-
tems of three different eccentricities. The left panel shows the
evolution since the beginning of the simulation, and the right
panel zooms in for time between 20-22 Porb.
about the time needed for each system to reach the steady
state, as well as the total simulated time. The final number
of particles Nsph, decretion rate M˙dec and total disc mass
Mdisc are also indicated. The decretion rate M˙dec is calcu-
lated as the asymptotic value reached past the steady state.
More specifically, it is estimated as the fitting to a constant
value of the last timely SPH data (after the steady-state).
The same method for the asymptotic values is followed for
the final number of particles and the disc mass in the highly
eccentric cases (ǫ > 0.6), where these two quantities oscil-
late around a mean value, depending on the position of the
secondary (see Fig. 1).
3.1 Azimuthally averaged properties
As explained in Section 2.1, in a sufficiently evolved binary
system the disc structure depends on the orbital phase p.
Therefore the azimuthally averaged surface density has to
be defined with respect to the orbital phase p it refers to:
〈Σp(r)〉φ =
1
2π
∫ 2π
0
Σp(r, φ) dφ (3)
where φ is the azimuthal angle, and Σp(r, φ) is the sur-
face density. In order to describe the global properties of
the disc, we will use the azimuthally averaged quantity
〈Σp(r)〉φ at a time equal to integer number of orbital pe-
riods since the beginning of the simulation, p = 0. As shown
by Bjorkman & Carciofi (2005, eq. 27), the surface density
scales with αss and M˙dec as Σ ∝ M˙decα
−1
ss . We therefore plot
αss 〈Σp(r)〉φ to enable comparison between simulations of
different viscosities.
Figure 2a shows the temporal evolution of the surface
density profile of our reference system for a few selected
epochs. The quasi-steady state is reached in 42 orbital cycles
(1 260 days or 3.5 years; see Table 1). The initial evolution,
before signs of truncation, is similar to that of an isolated
star, as exhibited in the simulations of Haubois et al. (2012).
However, as the disc grows in mass, the influence of the
resonant torque from the companion becomes more evident.
The density structure evolves towards a profile in which the
inner part approximately follows Eq. (1), and the density
fall-off of the outer part is much steeper with the radial
distance than that of the inner disc.
The surface density was fitted using the following equa-
tion (Okazaki et al. 2002):
〈Σp(r)〉φ = A
(r/Rt)
−m
1 + (r/Rt)n−m
(4)
where Rt corresponds to the truncation radius, m is the
power-law exponent of the inner region of the disc, and n is
the outer exponent (limr→∞ 〈Σp(r)〉φ ∝ limr→∞ r
−n = 0).
Equation (4) acknowledges the fact that truncation changes
the density distribution with the radial distance, thus it is
an appropriate description of the numerical results for the
surface density. The results of fitting the steady-state surface
density for our reference system with Eq. (4) are shown in
Fig. 3.
3.2 Phase dependence and azimuthal structure
In Fig. 4 we show snapshots of the two-dimensional density
structure in four orbital phases (p = 0.00, 0.25, 0.50, and
0.75), with all figures centered at the primary. The positions
of the two stars are marked with circles. The size of the pri-
mary is given by its radius, while the secondary has the size
of its accretion radius estimated with the Eggleton formula.
In Fig. 5 the surface density profile is plotted for four values
(φ = 90, 180, 270, 360◦); each panel shows the disc structure
at a different orbital phase. When the truncation radius is
minimum (for φ = 180, 360◦ when p = 0 and 0.5), the outer
density slope is also smaller, and vice versa. In general, we
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(f) retrograde orbits
Figure 2. Azimuthally averaged surface density at p = 0 for the
reference system (panel a; αss = 0.4, Porb = 30 days, qr = 0.08,
ǫ = 0, prograde orbit) and for five other simulations differing to
the reference system only with respect to the value of one param-
eter: (b) αss = 1, (c) Porb = 133 days, (d) qr = 1, (e) ǫ = 0.9,
(f) direction of rotation of the binary motion with respect to the
disc rotation (retrograde orbit). Each panel plots the surface den-
sity at the periastron passage at five different points in time; from
bottom up more evolved, the first four being t = 4, 5, 6, 13 Porb
– or t = 4, 5, 6, 13 months for all other systems except for (c), for
which t = 18, 22, 27, 58 months; the fifth time point corresponds
to a point past the quasi-steady state – different for each system.
The solid straight line shows the density profile of Eq. (1).
Figure 3. Azimuthally averaged surface density in quasi-steady
state (crosses). The fit of Eq. (4) is the dashed (red) line; the
straight line is the density profile of Eq. (1). The values of the
fitted parameters are denoted.
Figure 4. Snapshots of the reference binary system at quasi-
steady state. The distances are given in semi-major axis units.
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Figure 5. Surface density for the reference system as a function of
the radial distance from the centre of the star at four azimuthal
angles. Each panel shows steady-state results for the indicated
phase, p. The straight line is the density profile of Eq. (1).
can see that the inner part of the disc is largely axisym-
metric showing little dependence on φ, while its extent as
well as the density slope of the outer part changes with the
azimuthal angle φ.
To draw more quantitative information about the two-
dimensional structure of the surface density, we divided the
azimuthal angle range [0, 2π] into 25 intervals and fitted the
radial surface density profile with Eq. (4) for the mean an-
gle of each interval. This was repeated for the four orbital
phases displayed in Fig. 4. In order to reduce the noise,
the same process was averaged over five consequent orbital
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Figure 6. Polar plots of the truncation radius, obtained by fitting
the surface density of two indicative snapshots from Fig. 4 with
Eq. (5) for 25 values of φ. The Be star lies at the centre of each
plot.
Figure 7. The truncation radius Rt,p(φ) as a function of the
azimuthal angle φ ∈ [0, 2π) at two different phases. The horizontal
line is the mean value and the vertical line shows the direction of
the secondary.
Figure 8. Same as Fig. 7 for the exponent mp(φ) of the inner
disc.
cycles after the system has reached the steady state. We
thus obtained functions of φ for the truncation radius and
the density slopes at each phase, that allows us reconsider
Eq. (4) with its parameters as functions of p and φ:
Σp(r, φ) = Ap(φ)
(r/Rt,p(φ))
−mp(φ)
1 + (r/Rt,p(φ))np(φ)−mp(φ)
. (5)
The results of the fitting procedure are shown in fig-
ures 6-10. Figure 6 contains polar plots of the truncation
radius for the first two snapshots of Fig. 4. Figures 7, 8, 9
and 10 plot, respectively, the fitted values for the truncation
radius Rt,p(φ), the inner, mp(φ), and outer, np(φ), power-
law exponents, and the surface density Σ0,p(φ) at the base
of the disc (given by Eq. 5 evaluated at r = R∗), as functions
of φ for each phase.
From Fig. 4 we can see that in circular binaries a con-
stant structure is maintained in the disc. Along the orbital
cycle it is not modified but only rotates in phase with the
position of the companion. Figures 7-10 prove that for a dif-
ference in phase of ∆p, the azimuthal structure is simply
Figure 9. Same as Fig. 7 for the outer exponent np(φ).
Figure 10. Same as Fig. 7 for the density scale Σ0,p(φ) at the
base of the disc.
shifted by the corresponding amount, ∆φ = ∆p · 360◦. The
disc attains an orbital phase-locked configuration.
In our simulations no density wave is excited, so that
the disc structure is locked with respect to the secondary
once the quasi-steady state is reached. From Fig. 6, we no-
tice an elongated structure oriented about 20◦ ahead of the
secondary. From Fig. 7, we see a clear dependence of the
truncation radius on φ, with the highest values preceding
the angular position of the secondary by about 20◦ and 200◦,
regardless of the phase. This is further evidence for phase-
locking of the surface density. Such a phenomenon is known
for decades as the tidal deformation of a Be disc (also seen in
Okazaki et al. 2002): The dominant component of the tidal
potential is the 2nd Fourier component that gives this bi-
symmetrical structure.
At any phase, the azimuthal direction φel of highest
elongation (Fig. 7) coincides with the angle where the base
density also reaches its maximum (Fig. 10). Moving radially
outwards at φel, right out of the surface of the Be star the
base density drops more steeply. Hence the fall-off exponent
is also higher until the truncation radius (in absolute val-
ues) (Fig. 8). Outward the spiral arm the surface density
drops less steeply, as the bulk of the mass corresponding to
this azimuthal direction has already been consumed in the
dense inner disc and in the more pronounced spiral arm.
Since mp(φel) is higher, the surface density is already very
low at r = Rt,p(φel). The maximum of the outer disc expo-
nent comes after the direction of elongation (at φ > φel, see
Fig. 9), where the truncation radius is so close to the star
that at this radial distance the density is still very high.
We stress the small azimuthal dependence of the inner
exponentmp(φ), but it is very small (not visible in the plots
of Fig. 5) as compared to the φ-dependence of the outer disc,
because the tidal force is much weaker in the inner than in
the outer region.
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4 PROGRADE CIRCULAR ORBITS
In order to investigate the parameter space in terms of se-
lected binary (orbital period, mass ratio, eccentricity) and
disc (kinematic viscosity) parameters, simulations with dif-
ferent values of those parameters will be systematically com-
pared to the reference case. In this section we present our
simulations for prograde circular orbits (ǫ = 0).
In most Be binaries the periods are longer than a
month. From the representative values of binary parame-
ters presented in Harmanec (1988), as well as the online
catalogue for Be/X-ray binaries and candidates given by
Raguzova & Popov (2005)1 for binaries where the compan-
ion is a compact object (neutron star or white dwarf), we see
that the shortest period ever reported is 12 days. But this is
a highly uncommon case, as there are only four stars with
periods between 10-20 days, and six with periods between
20-30 days; all other 80 Be/X-ray binaries and candidates
have longer periods. Excluding such extreme cases, 30 days
is a reasonable lower limit for orbital periods of Be/X-ray
binaries. Note also that the shortest known period for non-
compact companions is 28 days for the Be/sdO binary stars
o Puppis (Koubsky´ 2012) and 59 Cygni (Peters et al. 2013).
The range we adopted for the orbital period is between
5-133 days. This corresponds to the semi-major axis lying in
the range between 28-252 R⊙ (5-46 R∗) for the given total
mass of the binary system of ζ Tauri (M1+M2 = 12.14M⊙).
The low values of periods (5-30 days) were explored only
partially, in order to investigate whether there is a minimum
separation for which a disc can be present. We also varied
the viscosity parameter within the range 0.1-1.0, and the
binary mass ratio between 0.08-1.00.
4.1 Azimuthally averaged properties
4.1.1 Dependence on the viscosity parameter
Figure 2b shows the temporal evolution of the azimuthally
averaged surface density of a simulation similar to the ref-
erence case, but with a much higher viscosity parameter,
αss = 1. A quasi-steady state is reached much sooner, in
already about 21 orbital cycles (half of the time until the
steady state of the reference simulation with αss = 0.4). As
explained in Section 2.1, the time needed to fill up and sta-
bilise the disc depends on αss; large values of the viscosity
parameter allow for a much shorter outflow (or diffusion)
time-scale. Another apparent feature of Fig. 2b is that the
high-viscosity simulation is truncated further away from the
star because of the larger outflow speeds.
The top left panel of Fig. 11 shows the surface density
structure of the disc for the reference simulation and three
other simulations with different values of αss. The remaining
panels show the fitted values (with Eq. 4) for Rt, m and n,
as functions of αss of each simulation. The truncation radius
increases with αss, and is around the 3:1 resonance ratio
(where r/a = 0.48), a result that agrees with the conclusions
of Okazaki & Negueruela (2001b) for low eccentricities. We
also notice that the Roche lobe radius of the primary Be
star as given by the Eggleton formula lies between the 2:1
1 http://xray.sai.msu.ru/∼raguzova/BeXcat/
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Figure 11. The density structure at quasi-steady state for our
reference system (αss = 0.4) and three other values of αss (0.1,
0.7, 1.0). Top left: the product of the viscosity parameter and
the azimuthally averaged radial surface density, αss 〈Σp=0(r)〉φ,
at p = 0. The straight line shows the density profile of the decre-
tion disc of an isolated Be star (Eq. 1). Top right: The trunca-
tion radius fitted with Eq. (4) (solid line). The thin straight lines
denote the 2:1, . . ., 10:1 resonance radii (from top to bottom, re-
spectively) and the Roche radius from Eq. (2) is plotted as the
dashed (red) line. Bottom left: power-law exponent for the inner
part of the disc. Bottom right: outer power-law exponent.
and the 3:1 resonance radii and is always a bit larger than
the truncation radius.
In order to distinguish the similarities and differences of
the decretion disc structure in a binary system compared to
that of an isolated star, apart from the existence of trunca-
tion, we compare the power-law exponent of the disc inward
the truncation. For αss ≥ 0.6 the inner disc has a slope close
to that of a disc around an isolated Be star (m & 2), but for
lower viscosity values the inner slope is much lower (m = 1.2
for αss = 0.1). This density enhancement in the inner disc
was also noticed by Okazaki et al. (2002), who attributed
it to the resonant torque stopping the angular momentum
from being transported outwards, thus causing the accumu-
lation of material in the inner region. Henceforth we call this
phenomenon the accumulation effect.
The outer disc exponent n, which quantifies the steep-
ness of the outer disc, seems to decrease with increasing
values of viscosity, i.e. the surface density outward the trun-
cation radius becomes shallower. However this is of minor
significance, because the outer disc structure keeps varying
a little with time, even when the inner region of the disc
has reached a quasi-steady state. Moreover, the density in
the outer disc is very low, and these timely variations do
not modify e.g. the total disc mass at steady state. Also,
as discussed in Section 7, the outer disc is unlikely to con-
tribute significantly to the emergent spectrum, thus bearing
no effect on the observables.
4.1.2 Dependence on the orbital period
Figure 2c shows the temporal evolution of a long pe-
riod (Porb = 133 days) binary system. We notice that the
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Figure 12. Same as Fig. 11, but for systems with different orbital
periods in the range 5-133 days (a ∈ [5.1, 45.8]R∗). The dotted
(blue) line is a linear fit of Rt vs. a.
steady state is reached in about 24 periods (3 200 days or
∼ 8.7 years), about three times longer than the time to
steady state of our reference simulation of Porb = 30 days.
The longer time to reach the steady state is a result of the
larger truncation radius.
Figure 12 shows how the surface density of the disc
changes with varying orbital periods/separations. The trun-
cation radius grows linearly with the orbital separation, and
almost coincides with the 3:1 resonance radius. This again
confirms the conclusion of Okazaki & Negueruela (2001b)
with respect to low-eccentricity orbits. The resulting trun-
cation radius is always much smaller than the orbital
separation, as found in Negueruela & Okazaki (2001) and
Okazaki & Negueruela (2001a), while the positive correla-
tion between the two confirms the relevant conclusions of
Reig et al. (1997). We find that Rt ≈ 0.8RL,Be, which sug-
gests that Eq. (2) (here evaluated for the Roche lobe radius
of the Be star RL,Be, reversing the mass ratio) is a good first
order approximation for Rt.
The accumulation effect is very much dependent on
the orbital separation. It is quite strong for short-period
binaries, disappears for binary separations a & 25R∗
(Porb & 55 days), and remains largely constant thereafter.
A question that one might ask is what the lowest or-
bital period is, for which a disc is still present. In other
words, would the absence of low-period Be binaries be a se-
lection effect caused by disruption of the disc due to a close
companion? Our results indicate that a disc, albeit small, is
present even for very close binaries. For instance, the sys-
tem with Porb = 5 days still has a disc with Rt = 2.5R∗,
which should be easily observable. An extrapolation of the
function of Rt(a) to even lower values of a shows that Rt
becomes equal to R∗, i.e. the disc vanishes, when a ≃ R∗.
Therefore, we conclude that the absence of Be stars with
short periods is a real phenomenon, and not a result of the
absence of discs in low-period binaries.
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Figure 13. Same as Fig. 11, but for simulations of the reference
case and of other binary mass ratios (0.08, 0.17, 0.50, 0.76, 1.00).
4.1.3 Dependence on the binary mass ratio
Figure 2d shows that circular binaries with a high mass ratio
need longer time to reach the quasi-steady state (about 55
orbital cycles, i.e. 4.5 years). That is because the gravitional
forces in this case are much stronger, many more particles
remain bound to the system (with the actual decretion rate
smaller than all other simulations; see also Table 1), result-
ing to a more massive disc that needs more time to relax.
Figure 13 shows the results for simulations of different
mass ratios; it is clear that the larger the mass ratio, the
larger the accumulation effect. The accumulation effect is
always present, since both the value of viscosity (αss = 0.4)
and of the orbital separation (a = 17R∗, Porb = 30 days) lie
within the region where the accumulation effect is exhibited
(αss < 0.6, a < 25R∗, Porb < 55 days) for our chosen values
of stellar parameters. We also confirmed Whitehurst & King
(1991) in that the resonance 3:1 can appear only for mass
ratios qr ≤ 0.25, while for larger mass ratios the available
resonances are weaker. As before, we find that Rt ≈ 0.8RL,Be
is a good approximation for the truncation radius.
4.2 Phase dependence and azimuthal structure
Similarly to the procedure followed in Section 3.2, we anal-
ysed the azimuthal structure of the circular binary systems
examined in the preceeding section. We find that, irrespec-
tively of the value of the parameters explored (Porb, qr, αss),
the same conclusions hold: The surface density attains a
phase-locked behaviour, in which the two-dimensional struc-
ture rotates in phase with the secondary, the disc becomes
elongated with the maximum elongation preceding the sec-
ondary, while the inner inner exponent mp(φ) shows small
variation with φ.
A higher value of the viscosity parameter and/or of
the orbital period results in a more axisymmetric struc-
ture (the spiral arms are not so pronounced). This gener-
ally agrees with Okazaki et al. (2002) in that the orbital
modulation minimises for higher values of α. The contrary
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Figure 14. Same as Fig. 6, but for two simulations with different
values of αss (0.1, 1.0), with all other parameters equal to the ones
of the reference system.
Figure 15. Same as Fig. 6, but for two simulations with different
values of Porb (30 and 133 days), with all other parameters equal
to the ones of the reference system.
Figure 16. Same as Fig. 6, but for two simulations with different
values of qr (0.08, 1.00), with all other parameters equal to the
ones of the reference system.
happens with smaller viscosity parameter (Fig. 14), smaller
period (Fig. 15) and/or higher secondary-to-primary mass
ratio (Fig. 16): smaller disc extent, more notably elongated
structure, and lower decretion rates (Table 1).
As shown in Fig. 14, the time lag appears to increase
with increasing values of αss. For αss = 1 we find that the
time lag is larger than the simulation with αss = 0.4, and is
approximately equal to 30◦; for αss = 0.1 the time lag with
respect to the position of the secondary is smaller, ≃ 10◦.
The time lag for a higher mass ratio (qr = 1, Fig. 16) is
larger, 45◦. About the same value we estimated for the time
lag of maximum elongation with respect to the secondary
for the simulation with Porb = 133 days, but the disc is so
much axisymmetric in this case that it is meaningless to talk
about a time lag.
5 PROGRADE ELLIPTICAL ORBITS
In this section we explore the surface density structure for
systems of elliptical orbits (0 < ǫ ≤ 0.9). These configu-
rations may arise either when the binary system has been
Figure 17. Same as Fig. 4, but for a simulation of an eccentric
binary system (ǫ = 0.9) at six different phases.
formed by the capture of one star by another or during
an asymmetric supernova explosion that changes the orbits
from circular to elliptical. Such events occur randomly and
therefore the orbits might not only be highly eccentric, but
also retrograde and misaligned (meaning that the inclina-
tion angle between the spin axis of the central star and the
orbital axis is not zero; Lai 1997).
Unlike the, constant in shape, rotating structure of the
disc in circular systems, we expect that eccentric orbits stir
up changes in the azimuthal structure of the disc with the
orbital phase. A higher eccentricity causes the influence of
the secondary on the disc to vary with the orbital phase, and
the two stars interact effectively for a smaller time within
each orbit. Figure 17 shows snapshots at six different orbital
phases of a system similar to our reference system, but for
ǫ = 0.9. Note that the size of the secondary (represented by
its accretion radius) now changes along the orbital cycle, as
the distance D between the two stars is now variable (Eq. 2).
The simulation evolved long enough until no relevant
cycle-to-cycle variations were present. The time to steady
state was in general shorter than other cases (Fig. 2e). Fig-
ure 1 shows that increasing eccentricity results in lower total
disc mass, whose asymptotic value is reached sooner. Par-
ticularly for the simulation with the highest eccentricity, the
disc mass oscillates with period equal to the orbital phase
10 Panoglou et al.
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Figure 18. Same as Fig. 5, for a simulation similar to the refer-
ence system but for ǫ = 0.3.
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Figure 19. Same as Fig. 5, for a simulation similar to the refer-
ence system but for ǫ = 0.6.
(Fig. 1). At every cycle the disc is heavily disrupted after
the periastron, and the remaining time until the next peri-
astron the disc is being rebuilt. This remaining time is not
enough to reach the mass of the circular binary, and this
results in very low densities and few particles (see also Ta-
ble 1). The snapshots do show a disc, but the total disc mass
is about one order of magnitude lower than the disc mass in
equivalent circular systems.
At apastron and even a little after the periastron
the disc is nearly axisymmetric. Its structure is strongly
perturbed after the periastron, where the disc develops
a marked two-armed density wave; this characteristic has
also been reported by Okazaki et al. (2002). Around phase
p ≃ 0.8 in this particular simulation, the disc becomes more
circular due both to phase mixing and the effect of viscos-
ity. In lower eccentricities the two spiral arms persist for a
longer period along each orbital cycle, and this phenomenon
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Figure 20. Same as Fig. 5, for a simulation similar to the refer-
ence system but for ǫ = 0.9.
degrades to the arms being constant in the circular case, as
we saw in Section 3.2 (Fig. 4).
The two-dimensional disc structure is investigated in
detail in figures 18, 19 and 20, for three different eccentrici-
ties (ǫ = 0.3, 0.6 and 0.9, respectively). Similarly to Fig. 5,
the surface density profile is plotted for four values of φ and
four orbital phases p. In the outer parts the disc displays a
complex behaviour, changing both azimuthally and as the
secondary follows its orbital path. The strongest perturba-
tions occur after the periastron passage, when the spiral
arms are formed. However, the most important feature in
these figures, because of its observational consequences (see
Section 7), lies in the effect of the eccentricity in the inner
disc region.
The low-eccentricity system (Fig. 18) is similar to the
(circular) reference system: the density of the inner part of
the disc (r . 6R∗) follows a power-law whose slope is largely
independent of φ, i.e. the inner region remains axisymmet-
ric, regardless of the orbital phase. As eccentricity increases,
the slope of the inner disc region increases (especially for
ǫ > 0.6), and is now more dependent on φ, oscillating over
a larger range of values. The latter is a consequence of the
spiral arms, which become more evident in eccentric cases,
although they do not survive for long. The truncation ra-
dius (defined as the region where the disc structure becomes
steeper) increases, but is not accompanied by higher mass
due to the low densities.
The above are quantitatively shown in figures 21-23.
In particular, figures 21 and 22 suggest that in highly ec-
centric orbits the truncation radius reaches its maximum
value at apastron (p = 0.0) and its minimum at periastron
(p = 0.5). Figure 23 shows that the inner disc density struc-
ture becomes steeper at azimuthal angle φ ∈ (180, 270)◦,
independently of the orbital phase.
Concluding, we define two limiting cases for the disc
properties. The discs around slightly eccentric binaries
(0 ≤ ǫ . 0.6) have an inner region that is mostly axisym-
metric, and whose overall structure does not vary substan-
tially with the orbital phase. For highly eccentric orbits the
disruption of the disc around periastron results in an inner
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Figure 21. Same as Fig. 6, but for a highly eccentric prograde
orbit (ǫ = 0.9) for four different phases.
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Figure 22. Same as Fig. 7, but for a highly eccentric prograde
orbit (ǫ = 0.9) for the four phases depicted in Fig. 21. The dashed
(red) line simply smooths the data, in order to show the trends.
density slope much steeper than the nearly circular cases
(i.e. m≫ 2), and also very asymmetric.
6 RETROGRADE ORBITS
6.1 Circular orbits
We will now explore how binary companions in retrograde
orbits affect the disc. As noted in the previous section, ret-
rograde orbits are usual in the capture scenario for the for-
mation of a binary system (usually highly eccentric orbits).
As discussed in Section 2, truncation occurs when the
viscous torque equals the tidal torque. This usually does
not happen in retrograde orbits. That is because the time
of interaction between the disc particles and the companion
star is short, as they orbit the central star in opposite direc-
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Figure 23. Same as Fig. 22 for the inner disc exponent.
Figure 24. Same as Fig. 4, but for a retrograde and circular
binary orbit.
tions. As a result, a much weaker perturbation of the disc is
expected.
This can be verified in Fig. 24, where we present surface
density maps of a simulation similar to the reference system,
but in retrograde orbital motion. It is clear that the disc is
almost circular (in contrast to the elongated shape of the
circular prograde system, Fig. 4), while the disc extends to
much larger distances from the star than the prograde case.
Figure 2f shows the temporal evolution of the azimuthally
averaged surface density. We don’t see any real break in
the radial density distribution. Nevertheless, fitting the sur-
face density to Eq. (4), we find that the truncation radius
is Rt = 10R∗, larger than the prograde system. Observa-
tionally, therefore, discs around circular retrograde systems
should appear much bigger and show no orbital or azimuthal
modulation. The inner exponent is slightly higher, thus the
surface density and the total disc mass are a little lower than
the prograde system (Table 1).
6.2 Elliptical orbits
The structure of retrograde elliptical systems are different
with respect to their prograde counterparts, with a high de-
pendence on both φ and p. The disc is much sparser than
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Figure 25. Same as Fig. 17, but for a retrograde and highly
elliptical (ǫ = 0.9) binary orbit.
all cases analysed previously (see also total disc mass in Ta-
ble 1), and the surface density has dropped below 0.01 g/cm2
already at distances 2− 3R∗.
From the snapshots of Fig. 25, we see that high eccen-
tricity in retrograde orbits causes very low densities (note
the much lower density scale, with respect to the rest of
the snapshots presented) and very intense azimuthal depen-
dence of the disc structure, especially after the periastron.
The density structure is one-sided, while its extent maxi-
mizes at about the same range of azimuthal angles after the
periastron (around φ ≃ 270◦), irrespectively of the orbital
phase (see Fig. 26). What changes along an orbital cycle
is the total disc size, which decreases until the periastron
(p = 0.5), and increases after that, at phase p = 0.6. At this
phase, a small and less dense, with respect to the highly ec-
centric prograde system (Fig. 17), density wave is formed,
but is destroyed almost immediately.
7 DISC CONTINUUM EMISSION OF BE
BINARIES
In the previous sections we explored how decretion discs
around Be stars are affected by the presence of a binary
companion. The combination of different orbital and disc
parameters causes variations on the disc density slope, on
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Figure 26. Same as Fig. 7, for a retrograde and highly eccentric
system (ǫ = 0.9).
its extent (as measured by the truncation radius) and on its
azimuthal structure. In this section we discuss the implica-
tions of these modifications on the disc continuum emission.
According to Vieira et al. (2015), the disc can be sepa-
rated into two components according to their emission prop-
erties: an inner optically thick region, called the pseudo-
photosphere, and an outer optically thin region. The radius
Rp(φ) of the pseudo-photosphere is defined as the position
on the disc where the optical depth τobs in the line of sight
is close to unity, and is a function of the disc parameters as
well as of the wavelength. For an isothermal disc the specific
intensity is uniform inward Rp(φ), and drops as a power law
in the tenuous region.
In most of the simulations discussed previously, the
truncation region, defined by the phase- and φ-dependent
quantity Rt,p(φ), divides the disc into an inner part
(r ≤ Rt), which is much denser and has a less steep den-
sity fall-off than the outer part (r ≥ Rt). Since τobs ∝ Σ
2,
the disc emission beyond Rt is likely negligible, therefore
continuum observations will only probe the disc inside the
truncation region.
For nearly circular orbits, the truncation region does not
practically depend on the orbital phase, and the disc keeps
its azimuthal symmetry. Apart from truncation, the main
effect caused by the binary interaction is the accumulation
of material inside the truncation region, causing the inner
disc density exponent to become lower than the steady-state
value for isolated Be discs. A less steep density profile moves
the position of Rp(φ) outwards, since Rp(φ) < Rt and the
entire optically thick region becomes denser. Therefore the
disc becomes brighter with decreasing m.
The monochromatic excess flux ratio is given by
Zλ − 1 =
Fλ − F∗
F∗
, (6)
where Fλ is the total flux and F∗ is the photospheric flux.
Figure 27 shows how Zλ varies with the wavelength for dif-
ferent values of m and Rt. The disc emission is very sensitive
to m. The slope of Zλ changes abruptly when Rp(φ) ≈ Rt.
Such results suggest that the density exponent, as deter-
mined by detailed spectral energy distribution (SED) stud-
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Figure 27. Dependence of the excess flux ratio Zλ on the density
exponent m (top, Rt = 1000R∗ fixed), and on the disc truncation
radius Rt (bottom, m = 2 fixed). We adopted the reference stellar
parameters, Σ0 = 1.7 g/cm2 and a pole-on orientation in both
cases.
ies, can be used in order to indirectly detect otherwise un-
seen binary companions.
In binary systems with highly elliptical orbits (ǫ > 0.6),
the disc inside the truncation region no longer has azimuthal
symmetry (see Fig. 20). In such systems, there are two lim-
iting cases from an observational perspective: (i) the case
where Rp(φ)≪ Rt, and (ii) Rp(φ) ≥ Rt. In the first case, as
the pseudo-photosphere is almost not perturbed by the or-
bital motion, small or no flux modulations are expected. In
the second case, however, the pseudo-photosphere is modi-
fied by the tidal perturbation of the secondary, and thus im-
portant flux variations may arise. We emphasize that the two
cases above are wavelength dependent, since Rp(φ) grows
with λ approximately as Rp(φ) ∝ λ
2.2/(2m+1.5) (Vieira et al.
2015). In a given system, whilst case (i) likely holds for short
wavelengths (visible to near-infrared), case (ii) may be seen
for long wavelengths, depending on the disc density and the
orbital parameters. Therefore, variability due to binarity will
be, in general, more easily detected in the infrared and radio
domains than in the optical and the near-infrared, although
some Be/X-ray binaries also exhibit brightening at perias-
tron (Schmidtke et al. 2013).
As an example, we computed the disc flux as a func-
tion of the orbital phase for the ǫ = 0.9 prograde case. We
adopted the opacity of Brussaard & van de Hulst (1962) to
compute τobs at each disc position. A pole-on viewing an-
gle was adopted. To compute the total flux, we assumed a
stellar blackbody emission of temperature Teff and a disc
specific intensity
Idiscλ (r) = Bλ(Tav)[1− exp(−τobs)], (7)
where Tav = 0.6Teff is the isothermal disc temperature. The
synthetic images at 3 µm (Fig. 28) indeed show that Rt
is of the order of Rp(φ), while at 1 mm (Fig. 29) global
oscillations of the disc size determine the flux variation.
Figure 30 shows the flux over an orbital period for three
wavelengths, λ = 0.5 µm, 3 µm and 1 mm. The relative am-
p = 0.55 p = 0.61
p = 0.69 p = 0.75
Figure 28. Synthetic images at 3 µm, for a system similar to the
reference system but with ǫ = 0.9. The pseudo-photosphere shape
(where τobs = 1) is indicated by the solid curves, while the orbit
of the secondary is represented by the dotted elliptical curves.
p = 0.55 p = 0.61
p = 0.69 p = 0.75
Figure 29. Same as Fig. 28 but for λ = 1 mm.
plitude is similar for the three cases. However, unlike the
long-wavelength curve, the phase-dependence of the short-
wavelength light curves is similar, suggesting that these two
wavelengths probe the emission from disc regions with a
similar azimuthal structure. This shows that it is possible
to use a combination of short- and long-wavelength obser-
vations to study the tidal perturbations caused by a binary
companion.
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Figure 30. Light curve along an orbital period at quasi-steady
state for three wavelengths (λ = 0.5 µm, 3 µm, 1mm), normalised
by its mean value over that period. The reference stellar parame-
ters, with Σ0 = 1.7 g/cm2, and pole-on orientation were adopted.
8 CONCLUSIONS
As Be stars are often members of binary systems, it is ex-
pected that their discs interact in multiple ways with their
companion. In the past, Okazaki et al. (2002) studied the
tidal interaction between the disc and the companion star
in Be binaries and how it is affected by viscosity. In this
work, we built upon previous works, using the same three-
dimensional SPH code as the one used by Okazaki et al., in
order to explore the density structure of the decretion disc
more thoroughly, not only expanding to further ranges of a
parameter space consisting of both disc (kinematic viscosity)
and binary (orbital period, mass ratio, eccentricity) parame-
ters, but also between azimuthally averaged and azimuthal-
angle- and phase-dependent properties.
We examined the cases of circular and elliptical, pro-
grade and retrograde orbits, for coplanar binaries, in which
the orbital plane coincides with the equatorial plane of the
disc. Provided a sufficiently long evolution time that de-
pends on all parameters (but is particularly long for high
secondary-to-primary mass ratios, increases with increasing
orbital period, and decreases with increasing eccentricity or
viscosity parameter), the disc density profile relaxes in a
quasi-steady state whose configuration generally depends on
both the orbital phase and the azimuthal angle. The degree
of dependence varies with the parameter values.
The most important effects are the truncation of the
disc and the accumulation of matter inward of the truncation
radius. The latter causes the disc density to drop less steeply
with the radial distance than the case of an isolated Be star
disc. If a inner density fall-off exponent m < 2 is measured
for a disc known to be stable for a long time (a few years at
least), the presence of a binary companion should at least
be considered as a possibility.
With respect to the effect of eccentricity, two limiting
cases were found. In the case of circular to moderately eccen-
tric (ǫ . 0.6) orbits, the inner disc is relatively unaffected
by either the phase or the azimuthal angle. However, the
outer disc and the extent of the inner disc, quantified by the
truncation radius, are azimuthally dependent. In general,
in circular orbits the overall configuration does not change
but rather only rotates with the orbital phase, following the
orbit of the secondary. In highly eccentric orbits the situa-
tion becomes more complex: the disc structure is strongly
perturbed as the companion passes the periastron, forming
spiral arms that are destroyed so much quicker as higher the
eccentricity is.
High values of both the viscosity parameter and the
orbital period are followed by an increase of the disc size,
as well as a gradual disappearance of the azimuthal depen-
dence, so that the disc becomes almost axisymmetric. On
the contrary, the disc becomes smaller in size and more not-
icably elongated in high binary mass ratios; but its total
mass is bigger and, constrained in a smaller disc extent, the
accumulation effect is exhibited in a very high degree.
The only case where there was neither an orbital nor
an azimuthal dependence was the retrograde circular sys-
tem. In retrograde systems the time of interaction between
the secondary and the disc particles is too low. In circu-
lar retrograde systems this results in that the only effect of
the existence of a companion star is the truncation of the
disc, simply because the companion passes through it. The
situation changes with increased eccentricity of retrograde
systems, where the secondary largely destroys the disc af-
ter the periastron. Nonetheless, the disc reaches an almost
circular but very sparse configuration much before the next
apastron, which is maintained for the largest part of the
orbital cycle.
Performing simulations for various values of the semi-
major axis for circular systems, we concluded that there
is no lower limit for the orbital separation in order that a
decretion disc is formed. This means that the rarity of Be
stars in closer orbits (Porb . 30 days) is a real phenomenon,
and not a result of the absence of discs (in which case the
star would no longer be a Be star) for close binaries.
Finally, we studied the effects of binarity in the disc
continuum emission. With the infrared and radio SED being
sensitive to the extent and density slope of the disc, binarity
causes measurable changes in the emergent spectrum. Fur-
thermore, in the case of elliptical orbits, the disc brightness
is expected to vary along the orbital cycle. In both cases,
infrared and radio studies of Be stars can be used as a tool
to either detect unseen binaries via their effects on the disc
or to further characterise known binaries.
In all simulations presented (except for the circular ret-
rograde system), no matter the eccentricity or the direction
of disc rotation, the Be decretion disc structure exhibits a
periodicity, which is not present in isolated stars, therefore is
intrinsic of the binary nature of the system. Hence the tidal
effects on the structure of the disc caused by the binary inter-
action may provide an explanation for the small-amplitude
periodic V/R variations in Be binaries. This hypothesis will
be tested in a future publication, where detailed radiative
transfer calculations for the simulations shown here will be
conducted.
In general, the fact that our simulations show that the
fall-off density exponent and the extent of the inner disc
strongly depend on αss, on the binary parameters Porb, qr, ǫ,
as well as on the orbital direction, suggests that disc studies
can in principle be used to study unseen (and previously
undetected) companions, using their effects on the disc (see
Klement et al. 2015). This is particularly important in the
case that the companion is a low-mass pre-main-sequence
star, which is the most difficult to detect.
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